The effects of temperature on protein synthesis by Escherichia coli, a mesophile, and Pseudomonas fluorescens, a psychrotroph, were investigated by using whole-cell and cell extract preparations. After is a characteristic which differentiates them from mesophilic bacteria (18). The minimum temperature for growth of Escherichia coli is in the vicinity of 7.80C (27) . A number of workers have studied the effects of low temperature on in vivo (1, 4, 5, 8, 9) and in vitro (7, 30) protein synthesis by E. coli and have linked the inability to grow to the inhibition of protein synthesis at temperatures below 7.80C. In a recent study (to be published elsewhere) comparing the effects of near-00C temperatures on a number of physiological and molecular processes in a variety of marine and terrestrial bacteria, we demonstrated that when mesophilic bacteria were shifted to subminimal growth temperatures (50C), protein synthesis was the process which was most severely inhibited, whereas the psychrotrophic and psychrophilic strains synthesized protein at 50C rates which corresponded to their 50C growth rates. It appears, therefore, that the inability to synthesize protein at subminimal growth temperatures may be a phenomenon characteristic of a wide variety of mesophilic bacteria.
at 50C. The rates of polypeptide elongation, as tested by the incorporation of phenylalanine into polyphenylalanine by cell extract protein-synthesizing systems from both organisms, were identical over the range of 25 to 00C. The polysome profiles of E. coli whole cells shifted from 37 to 50C showed accumulation of 70S ribosomal particles and ribosomal subunits at the expense of polysomes. Similar experiments done with P. fluorescens resulted in polysome reformation at 50C. In vitro experiments demonstrated that the 70S ribosomal particles, which accumulated in E. coli at 50C, were capable of synthesizing protein in vitro in the absence of added mRNA. These in vivo and in vitro results suggest that incubation of E. coli at subminimal temperatures results in a block in initiation of translation causing polysomal runoff and the accumulation of 70S particles, some of which are 70S monosomes.
The ability of psychrotrophic and psychrophilic bacteria to grow at temperatures near 00C is a characteristic which differentiates them from mesophilic bacteria (18) . The minimum temperature for growth of Escherichia coli is in the vicinity of 7.80C (27) . A number of workers have studied the effects of low temperature on in vivo (1, 4, 5, 8, 9) and in vitro (7, 30) protein synthesis by E. coli and have linked the inability to grow to the inhibition of protein synthesis at temperatures below 7.80C. In a recent study (to be published elsewhere) comparing the effects of near-00C temperatures on a number of physiological and molecular processes in a variety of marine and terrestrial bacteria, we demonstrated that when mesophilic bacteria were shifted to subminimal growth temperatures (50C), protein synthesis was the process which was most severely inhibited, whereas the psychrotrophic and psychrophilic strains synthesized protein at 50C rates which corresponded to their 50C growth rates. It appears, therefore, that the inability to synthesize protein at subminimal growth temperatures may be a phenomenon characteristic of a wide variety of mesophilic bacteria.
Das and Goldstein (5) reported that shifting E. coli from 37 to 00C resulted in incorporation of labeled leucine into protein at a slowly decreasing rate for a period of 4 h and subsequent accumulation of 70S ribosomal particles. They postulated that while elongation occurred at predictable rates at 00C, initiation of translation was blocked, resulting in synthesis of protein only for the length of time necessary for ribosomes to run off the mRNA. Friedman and coworkers (9) demonstrated that the synthesis of f-2 viral coat protein proceeded to completion, but was not initiated after transfer from 37 to 60C. They observed the accumulation of native ribosomal subunits in cells incubated at temperatures below 80C (7) (8) (9) . Their interpretation of this data was that this low-temperature-induced accumulation of native subunits was the result of a low-temperature block at the level of initiation of protein synthesis. Szer (30) reported the isolation of a factor from the high-salt ribosomal wash of a psychrotrophic pseudomonad (Pseu-domonas 412) which stimulated polyuridylic acid [poly(U)]-directed incorporation of phenylalanine into polyphenylalanine by E. coli homologous cell extract systems at 00C. In vitro studies utilizing natural mRNA-directed protein-synthesizing systems were not done by Szer because of technical difficulties. Recently, Anderson (1) presented results of experiments designed to test the ability of E. coli to transcribe and translate B-galactosidase mRNA after shifts to 5°C. He interpreted these results as indicating that shifting E. coli to 5°C results in either a partial inhibition of initiation of lac translation or intracistronic polarity for mRNA's coding for proteins as large as ,B-galactosidase. We report here the results of experiments designed to examine the effects of near-0°C temperatures on in vivo and in vitro protein synthesis by two representative bacteria: E. coli, a mesophile, and Pseudomonas fluorescens, a psychrotroph. The results of these studies which utilized both in vivo and natural mRNA-directed in vitro protein-synthesizing systems indicate that when E. coli is shifted from 37 to 5°C, the result is a block in initiation of translation which results in polysome runoff and the subsequent accumulation ofribosomal subunits and 70S particles. In addition, we show that at least some of these 70S particles are capable of incorporating radiolabeled amino acids into protein in the absence of added exogenous mRNA, which indicates that these ribosomal particles are accumulating on the mRNA as 70S monosomes.
( Formaldehyde treatment of viral RNAs. Formaldehyde-treated MS-2 RNA and R-17 RNA were prepared essentially as described by Lodish (13) . Onemilliliter reaction mixtures containing 9 mM Na2HPO4-1 mM NaH2PO4-0.2 M NaCl-l M formaldehyde plus 25 
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Growth and protein synthei shift to 50C. Figure 1 shows the x experiment in which E. coli ( Fig.   fluorescens (Fig. 1B) (Fig. 3B) . The activity of these crude extracts varied from preparation to preparation (e.g., compare activity at 5°C in Fig. 3A and C), and, therefore, we were unable to calculate actual rates of incorporation of amino acids into protein. Incubation of these extracts at 50C for 1 h before testing resulted in patterns of protein synthesis which were identical for the (500) preincubated and nonpreincubated E. coli and P. fluorescens extracts (Fig. 3A and B) , indicating that the inhibition of protein synthesis in E. coli by low temperature is not simply due to incubation of the extract at 50C, but occurred only after protein synthesis has occurred at 50C (i.e., the ribosomes have run off the mRNA). When these crude systems, which had stopped synthesizing at 50C, were shifted to 250C, protein synthesis resumed at a linear rate, indicating that sufficient energy, amino acids, and mRNA were present in the system when synthesis had stopped at 50C (to support synthesis at 250C, Fig. 30 ).
Viral RNA-directed protein-synthesizing systems. Szer (30) reported that preliminary attempts to investigate the in vitro translation of MS-2 RNA at 00C were unsuccessful. He found that MS-2 RNA-directed protein synthesis in the homologous E. coli system dropped to about 60% when the temperature was lowered from 37 to 290C and stopped at 220C; he attributed this to increased secondary structure of the MS-2 RNA at the lower temperature. We uti- a system capable of initiating at 50C should mimic a system which does not initiate at 50C (28) .
The results of typical MS-2 RNA shiftdown experiments are shown in Fig. 4 . When E. coli ribosomes were preloaded onto the MS-2 at 340C for 3 min and then shifted to 5 or 00C, protein was synthesized for 25 and 40 min, respectively, in the presence and absence of ATA (Fig. 4A) . However, when identical experiments were done using P. fluorescens extracts, protein was synthesized for at least 120 min at 5 and 00C. The addition of ATA to the P. fluorescens system resulted in protein synthesis for 30 and 45 min at 5 and 00C, respectively.
In general, the P. fluorescens MS-2 RNAdirected protein-synthesizing systems were approximately fivefold less active at all temperatures than the E. coli systems regardless of modifications of the various ion concentrations and pH of the system. Differences in the complement of initiation factors (particularly IF3) might explain both the inefficiency of the P.
fluorescens MS-2 RNA system and/or the ability of P. fluorescens to initiate translation at low temperature. Studies are now under way in our laboratory to analyze the initiation factors and ribosomal proteins of E. coli and P. fluorescens.
Treatment of viral RNA with formaldehyde has been shown to cause unfolding of the RNA and subsequent increased activity at temperatures below 300C (13) . Treatment of MS-2 RNA with formaldehyde resulted in a fivefold increase in activity at 34°C in both the E. coli and P.
fluorescens protein-synthesizing systems (Table   1 ) and allowed ribosomes to be preloaded on the RNA at 250C (Fig. 4C) . When E. coli ribosomes were preloaded onto formaldehyde-treated MS-2 RNA for 3 min at 25°C and then shifted to 50C (Fig. 4C) , incorporation of labeled amino acids into protein continued for approximately 30 min. Thus, the length of time required for ribosomal runoff was independent of the absolute activity of the protein-synthesizing system and the temperature at which the ribosomes were preloaded onto the RNA, but depended on the temperature to which the system was shifted and the relative rate of polypeptide elongation.
Protein-synthesizing systems utilizing purified polysome preparations. Endogenous polysomes were prepared as described in Materials and Methods. Centrifugation times were chosen which would yield preparations containing maximum amounts of polysomes and 70S ribosomes and minimum amounts of 50S and 30S ribosomal subunits. Centrifugation for shorter periods of time decreased the number of 70S ribosomes and eliminated the 30S and 50S subunits from the preparations. Such preparations have been shown to lack the ability to initiate protein synthesis (31) .
The distribution of ribosomes in each polysome preparation was determined by centrifuging small fractions through 15 to 30% sucrose density gradients. Figure 5 , the profile of a typical polysome preparation, demonstrates that FIG. 4. MS-2 RNA protein-synthesizing systems. E. coli (A) and P. fluorescens (B). MS-2 RNA proteinsynthesizing systems were incubated at 340C for 3 min; portions were then shifted to 5 and O°C, and the incorporation of amino acids into protein was monitored at 34 (0), 5 (x), and 0°C (0). Paralkl experiments were done in which ATA (final concentration, 50 1) was added to the reaction mixtures at the time of the shift to 5 (A) and 0°C (A). (C) Similar experiment in which formaldehyde-treated MS-2 RNA-directed E. coli extracts were incubated at 25°C (0) and a portion shifted to 50C (x). A 25°C control reaction mixture without formaldehyde-treated MS-2 RNA was also tested (-). the majority of the ribosomes sediment at 70S or greater. However the relative amounts of ribosomes present as 70S particles and polysomes varied somewhat from preparation to preparation due, we believe, to ribonuclease (RNase) present in the crude cell extracts.
The ability of the E. coli polysomes to incorporate radiolabeled amino acids into protein was tested at a number of temperatures ranging from 37 to 50C (Fig. 6) . Initial rates of protein synthesis over the range 25 to 50C agree well with the rates of polyphenylalanine synthesis by both E. coli and P. fluorescens extracts (Fig. 2) . The decreased rate of synthesis at 370C (40% of the 250C rate) is probably due to the degradation of the polysomes by RNase at the higher temperature, a problem which was also evident in protein-synthesizing systems using other sources of mRNA (Table 1 and below) .
Since maximum activity was observed at 250C, all additional tests performed with this system were at 25 and 50C. The ability of E. coli polysomes to synthesize protein at 250C in the presence of ATA, or chloramphenicol, and in the absence of energy are shown in Fig. 7A . Protein synthesis proceeded at a linear rate for at least 10 min at 250C in the control system but, when the energy-generating system was deleted or chloramphenicol (200 ,ug/ml) was added, no synthesis was observed. The addition of 50 ,uM ATA to the reaction mixture resulted in incorporation of amino acids into protein for only 4 to 5 min at a rate identical to the 250C control rate, indicating that the purified polysome system is capable of reinitiation at 250C. ATA concentrations greater than 70 ,uM appeared to inhibit the initial rate of synthesis at 250C (i.e., elongation rate), whereas variable results were obtained at con- From the data presented in Table 1 and Fig.  2 and 7A one can estimate that at a 5°C elongation rate of approximately 10 to 12% of the 250C rate, protein would be synthesized by the purified polysome system for about 30 to 40 min in the absence of initiation at 5C. This is shown to be the case in Fig. 7B 22) . Figure 8A shows polysome profiles at various times after shifting E. coli cells from 37 to 50C. Polysomes (peaks greater than 70S) run off within 60 min of the shift to 5°C followed by the accumulation of 70S particles and ribosomal subunits.
Similar experiments were done in which 2-, 4-, and 8-h extracts were fixed with 2.5% glutaraldehyde (29) and/or centrifuged at a slower speed (SW27 rotor, 100,000 x g for 12 h) since it has been reported that high hydrostatic pressure developed during high-speed centrifugation, possibly requiring the presence of RNase (4), leads to the dissociation of 70S ribosomes (10, 33) . These experiments showed ribosome subunit patterns after 8 h at 5°C which were identical to the 2-h pattern shown in Fig. 8 , possibly indicating that active RNase was present in these non-glutaraldehyde-fixed extracts which caused the dissociation of a portion of the 70S ribosomes in these preparations. Therefore, incubation of E. coli at S°C resulted in polysome runoff and the accumulation of 70S ribosomes (within 0.5 to 1 h) and ribosomal subunits (after 1 to 2 h). Also evident from these polysome profiles was a decrease in the ratio of 30S to 50S peaks. Experiments not shown demonstrated that the relative height of the 30S peak (when compared with the 50S peak) decreased rapidly (within 15 min) after a shift of E. coli from 37 to 5C. The reasons for this decrease in 30S subunits at SoC are currently under investigation. Figure 8B shows the polysome profiles which were obtained when P. fluorescens was rapidly shifted from 25 to S°C. The effect here appears to be a decrease in rapidly sedimenting material and accumulation of 70S particles, and, to a lesser extent, 30S and 50S particles within 2 h of the shift to S°C. There was no alteration in the relative amount of 30S and 50S ribosomal particles as was observed with E. coli (Fig. 8A) . A decrease in the amount of 70S particles and subsequent increase in the proportion of fastersedimenting material (polysomes) became evident after 4 h of incubation at 50C, and by 8 h, the polysome profile was identical to the pattern observed at the time of the shift (0 h). Although the polysome data for the times immediately after the shift (0, 0.5, and 1 h) agreed with the in vivo protein synthesis data, polysome reformation without an increase in the rate of protein synthesis is not a result one would expect in an "unlimited" protein-synthesizing system. These results imply that, though protein synthesis is able to proceed at S°C and is undoubtedly im- portant in the adaptation of this organism to low temperature, other factors may limit growth and the synthesis of protein by P. fluorescens at 5°C.
Translation by ribosomal particles which accumulate at 6°C. Experiments (not shown) designed to test ribosomes, isolated from E. coli after an 8-h incubation at 5°C, for the ability to synthesize protein demonstrated that these particles were capable of incorporating amino acids into protein in the absence of an exogenous source of mRNA. When these ribosomes were preincubated at 37°C for 10 min before testing, activity of the system markedly decreased. Special precautions were taken during the preparation of the S-lOOs used in these experiments to ensure that endogenous mRNA or ribosomes were not present (see Materials and Methods).
The 70S ribosomes and 30S and 50S ribosomal subunits from E. coli which had been incubated at 50C for 8 h were separated, isolated, and tested for the ability to synthesize protein at 25 and 5°C (Fig. 9) . The 70S particles incorporated J. BACTERIOL.
on July 7, 2017 by guest http://jb.asm.org/ Downloaded from radiolabeled amino acids into protein for 15 and 30 min at 25 and 50C, respectively. The pattern of protein synthesis at 50C by these particles was remarkably similar to the patterns observed when E. coli whole cells (Fig. 1) , MS-2 RNA shiftdown protein-synthesizing systems (Fig. 5) , and purified E. coli polysomes (Fig. 7) were tested at 50C. When the ribosomal subunits were tested in a similar manner, protein synthesis was not observed at 25 or 50C.
Experiments 9 . In vitro protein synthesis by 70S ribosomes and ribosomal subunits isolated from 5°C-incubated E. coli. Ribosomal subunits and 70S ribosomes were isolated from E. coli which had been incubated at 5°C for 8 h and tested for the ability to synthesize protein in vitro at 25 (A) and 5°C (B), as described in Materials and Methods. 70S particles (0), ribosomal subunits (A), and S-100 alone (x).
25°C was the optimal temperatuAre fo: protein synthesis by the 70S ribosomal particles isolated from 5°C-incubated E. coli. The rate of synthesis at 37°C was approximately 20% of the rate at 25°C, which we attribute to increased RNase activity at 370C. In addition, when the 70S particles were incubated at 37°C for 15 min with 2 volumes of S-100, to degrade any mRNA associated with them, a marked decrease in protein synthesis was observed at 250C (Fig. 10) . The addition of chloramphenicol (200 ,g/ml) or the deletion of the energy-generating system from the unpreincubated reaction mixture also resulted in negligible protein synthesis. Although attempts to block initiation of translation by addition of 50 AM ATA to this system did not significantly change the pattern of protein synthesis at 250C (data not shown), suggesting that these 70S particles are incapable of reinitiation, the results shown in Fig. 9 , in which a higher plateau level of incorporation was observed at 25 than at 50C, indicate that some of these 70S particles may be capable of reinitiation at 250C. Therefore, these experiments demonstrate that some of the 70S particles which accumulate in E. coli at 5°C are 70S ribosomes containing attached or associated mRNA and are capable of polypeptide elongation in vitro at 25 and 50C. From this point on we will use the terminology of Ruscetti and Jacobson (26) and refer to these 70S particles with associated mRNA as 70S monosomes (as opposed to 70S ribosomal couples without attached mRNA). Translation at 25°C by 70Sparticles isolated from 5°C-incubated E. coli. 70S particles were isolated from E. coli which had been incubated at 5°C for 8 h and tested for the ability to synthesize protein in vitro at 25°C as described in the text. Tests were done with 70S particles + S-100 (x), 70Sparti-cles preincubated with 2 volumes of S-100 for 10 min at 37°C before addition to the reaction mixture (0), and 70S particles + S-i100 with the addition of 200 pg of chloramphenicol per ml (0).
A. 
DISCUSSION
In a previous study (to be published elsewhere) we investigated the effects of temperature on a number of metabolic processes in mesophilic and psychrotrophic bacteria. These results demonstrated that the only process studied which correlated well with the inability of mesophilic bacteria to grow at low temperature was the inability to synthesize protein.
The experiments reported here, in which E. 23] and assuming that only translation of coat protein has been initiated during the 3-min incubation at 340C in the MS-2 RNA system (6, 14), we have calculated that the maximum time for which coat protein synthesis would continue in the absence of further initiation of translation would be on the order of 30 and 60 min, respectively, after shifts to 5 and 00C. This agrees with the results shown in Fig. 4 . The linear rate of protein synthesis for up to 10 min at 340C demonstrates that initiation of translation is functional at 34°C. Attempts to calculate specific rates of coat protein synthesis in both of our systems have been hindered by the presence of high RNase activities at the higher temperatures (data not shown).
In addition, the experiments in which ATA was added to these in vitro protein-synthesizing systems further support the thesis that initiation of translation is blocked at 5C. ATA inhibits an early step in initiation oftranslation, specifically, binding of mRNA to 30S ribosomes. In addition, ATA has been implicated as an inhibitor of tRNA charging, GTP hydrolysis, and elongation (reviewed in reference 20). However, these effects are evident only at ATA concentrations much higher than those concentrations used to inhibit initiation of translation (50 to 70 ,uM; see references 20 and 28). That ATA did not inhibit the initial rates of translation in either the E. coli or P. fluorescens MS-2 RNA shiftdown systems or the E. coli purified polysome system reported here (as compared with the controls without added ATA) indicates that ATA was not inhibiting polypeptide elongation in these in vitro systems (28) .
The results of the whole-cell polysome data are also consistent with the contention that initiation of translation is blocked in E. coli at 5C. Our conclusion that 70S particles (probably both monosomes and 70S couples) accumulate at 50C is supported by work of Chliamovitch and Anderson (4) but is in conflict with the conclusions of Friedman et al. (7) (8) (9) , who reported that native ribosomal subunits (with initiation factors attached) accumulate in E. coli incubated at temperatures below 80C. However, in one of these reports, Friedman et al. (7) presented ribosome profiles from E. coli incubated at 40C for 3 h which are identical to the profiles presented in the present paper for E. coli incubated at 50C for 2 h, or after 4 or 8 h when glutaraldehyde fixation was employed (viz., peaks corresponding to 70, 50, and 30S particles as shown in Fig. 8A above) . In addition, we feel that the picture that Das and Goldstein (5) VoI,. 134, 1978 and the accumulation of 70S ribosomal particles) is analogous to the picture which we present in this paper for E. coli incubated at 50C for only 1 h. Rates of elongation (see Fig. 2 ) and the rates of equilibration between 70, 50, and 30S ribosomal particles and initiation factors are slower at 0 than at 50C, and, therefore, it takes longer (4 h at 00C as compared with 1 h at 500) for polysomes to run off and 70S ribosomes to accumulate at 00C.
The properties of the 70S monosomes which accumulate at 50C are also indicative of a block at the level of initiation of translation. Our results demonstrate that at least some of the 70S particles which accumulate in E. coli at 50C have mRNA associated with them, in that: (i) they are able to synthesis protein in vitro in the absence of added exogenous mRNA, and (ii) these particles, if heated to 370C for 10 min, lose the ability to synthesize protein, presumably due to degradation of the associated mRNA. The fact that these 70S monosomes accumulate at 50C with associated mRNA may be an indication of increased stability of the mRNA in E. coli at 50C caused by either increased secondary structure of the mRNA and/or decreased RNase activity at this temperature.
The properties of the 70S monosomes that accumulate in E. coli at 50C imply that the experimental techniques utilized during isolation and testing alter them in two ways. (i) Since they are capable of synthesizing protein at 50C, the in vivo block in translation is overcome by either the methods used to isolate them or some component of the reaction mixture.
(ii) The fact that a portion of these particles is unable to initiate at any temperature is evidence that, during the isolation procedure, factors required for initiation are separated from the monosomes (and may be found in a supernatant fraction or on top of sucrose gradients), or that some initiation sites have been cleaved by RNase during the in vitro tests at the higher temperatures. The explanations for these discrepancies in the in vivo and in vitro results are currently being determined in our laboratory. We consider it most likely that this accumulation of the 70S monosomes is due to a defect in the initiation process at low temperature. This would involve the interaction of initiation factors, mRNA, and N-formyl-methionyl-tRNA with the 30S and 50S ribosomal subunits (see references 12 and 24 for a review). Failure of the initiation process, leading to the formation of 70S monosomes, could be due to an energy deficiency (i.e., lack of GTP hydrolysis) or to the inability of one ofthe initiation factors to release.
Because of the procedures necessary for isolation of the 70S monosomes, we have been (1, 4) , preliminary data (to be published elsewhere) obtained in our laboratory, and the data shown in Fig. 8 (above) , which shows that a significant amount of the 70S particles that accumulate at 50C can be dissociated by high-speed centrifugation (and possibly RNase) , indicate that the latter view may be the case.
It is possible that the initiation problem observed in E. coli at 50C is related to energy (ATP or GTP) levels in the cell. Ruscetti and Jacobson (26) reported that when E. coli was shifted from glucose minimal to succinate minimal medium, the result was a transient inhibition of translation and an accumulation of 70S monosomes at the expense of polysomes. Although they did not observe total runoff of polysomes (as we did with low-temperature-shifted E. coli), they speculated that the monosomes which accumulate in energy down-shifted E. coli were a result of a partial nonspecific block in initiation of translation and that the 70S monosomes were actually a form of a 70S initiation complex. In addition, 70S ribosomes have been shown to accumulate in E. coli under other conditions of stress, including cultures entering stationary phase (11) and glucose starvation (21) . Therefore, the situation observed with E. coli shifted to suboptimal growth temperatures may be similar to an energy shiftdown. Although respiration studies (to be published elsewhere) showed that the rates of oxygen consumption by three mesophilic bacteria were not inhibited by shifts to low temperature to the extent that protein synthesis was inhibited, slight shifts in the energy charge (2) may be responsible for the cessation of protein synthesis at low temperature. Chapman et al. (3) observed that an appreciable decrease in energy charge usually coincides with a loss of viability or cessation of growth. Walker-Simmons and Atkinson (32) 
